Mantle temperatures during the Archaean eon were higher than today. As a consequence, the primary crust formed at the time is thought to have been extensive, thick and magnesium rich, and underlain by a highly residual mantle 1 . However, the preserved volume of this crust today is low, implying that much of it was recycled back into the mantle 2 . Furthermore, Archaean crust exposed today is composed mostly of tonalitetrondhjemite-granodiorite, indicative of a hydrated, lowmagnesium basalt source 3 , suggesting that they were not directly generated from a magnesium-rich primary crust. Here we present thermodynamic calculations that indicate that the stable mineral assemblages expected to form at the base of a 45-km-thick, fully hydrated and anhydrous magnesium-rich crust are denser than the underlying, complementary residual mantle. We use two-dimensional geodynamic models to show that the base of magmatically over-thickened magnesium-rich crust, whether fully hydrated or anhydrous, would have been gravitationally unstable at mantle temperatures greater than 1,500-1,550
C. The dense crust would drip down into the mantle, generating a return flow of asthenospheric mantle that melts to create more primary crust. Continued melting of over-thickened and dripping magnesium-rich crust, combined with fractionation of primary magmas, may have produced the hydrated magnesium-poor basalts necessary to source tonalite-trondhjemite-granodiorite melts. The residues of these processes, with an ultramafic composition, must now reside in the mantle.
Understanding the formation and reworking of Earth's early crust is important for models of mantle evolution. Earth's primary crust is a product of partial melting of the mantle. Most primary (oceanic) crust on modern Earth is produced at spreading ridges, is on average 6-7 km thick and is composed of mid-ocean ridge basalts (MORBs; 5-8 wt% MgO), the result of partial melting at melt fractions (F ) of 0.08-0.1 and mantle potential temperatures (T p ) of 1,280-1,400
• C (ref. 4 ). This crust is recycled by subduction during which it is converted to eclogite. On the early Earth things were undoubtedly different. The occurrence of voluminous tonalite-trondhjemite-granodiorite (TTG) crust and komatiites, which are largely restricted to the Archaean 5 , and the volume of continental crust produced during the Archaean 6 are consistent with a hotter Earth. Although the thermal evolution of Earth and the mechanism of heat loss remain matters of debate 7, 8 , higher T p during the Archaean would have led to more extensive melting of the mantle and production of a thick (up to 45 km) MgO-rich primary crust 1, 2 . Komatiite magmatism associated with plumes and excess T p may have contributed to the early crust, but the volume of komatiite in greenstone belts (0-20 vol%) suggests that this played only a minor role 9 . On the basis of the petrology and geochemistry of volcanic rocks, the composition of model primary melts generated by varying degrees of partial melting of fertile peridotite can be calculated with reference to experiments 4 , from which the composition of the complementary residues are constrained by mass balance 1, 2 . Near-pristine xenoliths of harzburgite that sample the Archaean lithospheric mantle are highly depleted in FeO, Al 2 O 3 and CaO relative to fertile mantle and have compositions that correspond well with modelled residua for melt fractions of 0.25-0.45 and primary crust 25-45 km in thickness 2 . Samples of high-MgO non-arc basalts from Archaean greenstone belts have compositions consistent with their derivation from primary melts 1 ( Fig. 1) . However, the volume of these rocks in the exposed geologic record is low. Assuming these non-arc basalts are representative of primary crust 1, 2 , then most of this crust is missing, which suggests that it has been recycled or sequestered at depth in the mantle.
A plot of MgO content versus age for non-arc basalts 1 shows that ambient T p was >1,500
• C during the Archaean, with a maximum in the Mesoarchaean (Fig. 1a) . The inferred onset of secular cooling of the mantle broadly coincides with a marked decrease in the rate of crustal growth around 3 billion years ago 6 (Ga), and may record the transition to dominantly subductiondriven plate tectonics on Earth 10, 11 . Before this, most primary crust may have formed by intra-and over-accretion of melts above upwelling mantle driven by smaller wavelength convection 11 . With a higher basal heat flux and increased radiogenic heat production, temperatures close to the base of thick primary crust in the Archaean may have exceeded 1,000
• C (ref. 10) , conditions under which partial melting of ultramafic rocks is likely if they were hydrated 12, 13 . The range in T p for any given age suggested by the petrological data (Fig. 1a) is similar to temperature variations in mantle upwelling beneath modern mid-ocean ridges 4 , and would have given rise to variations in the composition and thickness of Archaean primary crust (Fig. 1c) and associated residual mantle. Such variations may have allowed different tectonic styles to operate in different parts of the ancient Earth 11 . Extreme ambient mantle temperatures (T p > 1,600
• C) could have produced in situ primary crust 40-45 km thick 2 (Fig. 1c) . Subduction similar to that observed in contemporary plate tectonics may not have been possible under these conditions 8, 11, 14 . Here we test the postulate that thick primary crust produced in the early Archaean could have become gravitationally unstable with respect to the underlying mantle residues so that if locally thickened it became negatively buoyant and could have delaminated by Rayleigh-Taylor instabilities. To do this we model the equilibrium (minimum Gibbs free energy) mineral assemblages developed near the base of the crust for a wide range of metamorphosed (hydrated and anhydrous) primary crust compositions ( that account for secular changes in T p , F and crustal thickness (Methods). First, we calculate the stability of equilibrium mineral assemblages for a temperature of 1,000
• C (Fig. 2a,b and Supplementary Figs 1 and 3), which corresponds to that expected near the base of 30-45-km-thick crust based on the apparent thermal gradients recorded by Mesoarchaean to Neoarchaean metamorphic rocks 10 and approximates the solidus temperature of hydrated ultramafic primary crust, inferred to lie between the fluid-absent solidi for amphibolite and amphibole-bearing MORB pyrolite and wehrlite 13, 15 . To assess the temperature sensitivity of the results, we also calculate phase equilibria at 900
• C ( Fig. 2a and Supplementary Figs 2 and 4) . We use the results to calculate the density (ρ) contrast at the crust-mantle interface for the range of compositions and temperatures modelled to assess the stability of the crust relative to the underlying residual mantle (Fig. 3) . We incorporate the density data with a parameterized melting and melt extraction algorithm into a two-dimensional (2D) thermomechanical model (Methods) to evaluate the dynamical plausibility of crustal recycling by Rayleigh-Taylor instabilities for endmember simulations involving either hydrated or anhydrous crust (Supplementary Section 3), wet or dry mantle, and various crustal thicknesses, T p and Moho temperatures (Fig. 4 and Supplementary Figs 8-12 ). By integrating results from both thermodynamic and 2D numerical modelling, we draw several important inferences about Archaean tectonics, partial melting of delaminated primary crust, intracrustal differentiation and the generation of TTG magmas.
The variation in density between fully hydrated and anhydrous crust is shown in Fig. 3a ,b, the density of the complementary residual mantle in Fig. 3c , and the effect on the potential instability of the crust in Fig. 3d . Thick anhydrous crust and hydrated primary crust with high MgO (>21-22 wt%), generated at extreme T p (>1,600
• C), would have been gravitationally unstable at its base (Fig. 3d ). Primary melts with lower MgO (< or 21 wt%; T p < 1,600
• C) would have produced lower crustal thicknesses (Fig. 1c) and over-thickening would be required for the base to become gravitationally unstable (Fig. 3d) .
Here we illustrate the results of the geodynamic modelling with reference to one experiment for the evolution of primary crust during the early Archaean (Fig. 4) . Thick MgO-rich primary crust forms above hot upwelling mantle by near-isentropic melting. Local thickening causes material at the base of the crust to become gravitationally unstable. Using 2D thermomechanical modelling we are able to show that delamination of this over-thickened primary crust occurs by Rayleigh-Taylor instabilities once the viscosity is sufficiently low (Fig. 4) and occurs for a range of crustal thicknesses and geotherms (Methods and Supplementary  Information, 3 Geodynamic numerical modelling). A scaling analysis reveals that the two requirements for the instabilities to occur are a sufficiently thick negatively buoyant lower crust and low effective viscosities of the uppermost mantle and lower crust (see Supplementary Information 3.2.3) . For realistic rheologies, this mechanism starts to operate at T p = 1,500-1,550
• C but is particularly effective at T p ≥ 1,600
• C, consistent with predicted upper mantle temperatures in the Archaean (Fig. 1) . Sinking primary crust could have partially melted directly to produce basalt 16 and/or reacted with and refertilized the underlying residual mantle to induce further melting 16, 17 . Mantle return flow would have caused additional adiabatic melting and further crustal thickening (Fig. 4 and Supplementary Section 3) . At the predicted temperatures, partial melting near the base of over-thickened hydrated primary crust would result in intracrustal differentiation. These secondary magmas would have had lower MgO contents than the primary crust.
The depths at which the base of the primary crust becomes gravitationally unstable represent maxima. First, the modelled 1,600
T p (°C)
Peak metamorphic P at 1,000 °C Peak metamorphic P at 1,000 °C Peak metamorphic P at 1,000 °C crust is taken to be homogeneous. However, similar to presentday primary crust (intra-oceanic arc crust 18 , oceanic plateaux 19, 20 and oceanic crust 21 ), primary crust in the Archaean is likely to have differentiated into lower-MgO and higher-MgO (cumulaterich) portions 19 . Second, the modelled residua (Fig. 2c) are the average compositions of the melt-depleted mantle and do not account for the decrease in the degree of partial melting with depth. Consequently, the residual mantle immediately underlying the crust would have been more depleted, and marginally less dense, than modelled.
We emphasize that high-MgO (> or 18 wt% MgO) primary crust produced during the Archaean would have been ultramafic not basaltic 14 . Compositions in the lower portion of over-thickened primary crust would have been silica-undersaturated metapyroxenite or metahornblendite, additionally containing garnet at higher pressures (>1.0-1.5 GPa) or at lower degrees of hydration (Fig. 2a,b and Supplementary Figs 1 and 3) . High-MgO garnet metapyroxenite (16-23 wt% MgO) xenoliths of Archaean age have mantle-like oxygen isotopic compositions [22] [23] [24] and generally record high equilibrium temperatures 22 . They are compositionally and mineralogically similar to modelled high-MgO compositions 22 and may represent near-pristine primary crust that foundered into the depleted mantle 24 . In contrast, low-MgO eclogite xenoliths have omphacitic clinopyroxene, highly variable oxygen isotopic compositions and may contain accessory kyanite, quartz/coesite, K-feldspar and/or corundum 23 . They probably represent highly fractionated crustal compositions with a multi-stage evolutionary history 22 . Fig. 7 ) superimposed. The solid (hydrated) and dashed (anhydrous) lines separate stable primary crust (below) from potentially unstable primary crust (above).
The high SiO 2 , Na/K and Sr/Y and depleted heavy rare earth element contents of sodic Archaean TTGs suggest that most were derived by partial melting of garnet amphibolite 3, 25 . At 1,000
• C garnet amphibolite is stable only in hydrated primary crust with MgO < or 18 wt% at P > 1.0 GPa (Fig. 2a and Supplementary  Fig. 1 ), and this stability is further reduced at 900
• C (Fig. 2a  and Supplementary Fig. 3 ). Thus, TTG melts cannot have been generated from partial melting of unmodified Archaean highMgO primary crust, which would result in basaltic or nephelinitic melt compositions 14 , but were derived from crust of basaltic composition 3 . This basaltic crust could have been produced by differentiation of primary melts by crystal fractionation 14 or by partial melting of over-thickened primary crust. Thus, a two-stage process is required for the production of Archaean TTG magmas.
Although the thermal structure of the mantle in the Hadean and Eoarchaean is poorly constrained, primary crustal compositions indicating T p > 1,600
• C seem to be limited to occurrences between around 3.5 Ga (or earlier) and around 1.9 Ga (Fig. 1a) . This interval spans the onset of production of ultrathick primary crust and tectonics dominated by Rayleigh-Taylor instabilities to the transition to a dominantly modern-style of subduction, and may define an early tectonic regime with globally variable tectonic styles controlled by the spatial range in T p at any point in time 11 . Rather than subduction-driven plate tectonics, delamination by RayleighTaylor instabilities of over-thickened primary crust was responsible for the production and stabilization of the bulk of the continental crust. 
Methods
The phase equilibria are presented as isothermal pressure (P 27 and the most recently calibrated activity-composition models for solid-solution phases 28 (see Supplementary Section 2). The modelled compositional range for primary crust is a binary mixture between the primary melt composition for MORB (X = 0) and a fictive endmember composition (MgO of 25 wt%; X = 1) as a proxy for primary crust generated at extreme T p (Fig. 1) Section 2) . The phase equilibria modelling considers the phases olivine, garnet, clinopyroxene, orthpyroxene, hornblende, plagioclase, quartz, ilmenite, rutile, spinel, magnetite, haematite and H 2 O. On the basis of the phase equilibria, densities are calculated for hydrated primary crust, anhydrous primary crust and the complementary residues to determine the relative densities of hydrated or anhydrous crust compared with the underlying residual mantle at 1,000 and 900 • C.
The parameterized 2D thermomechanical models solve the governing conservation equations of mass, momentum and energy of slowly creeping fluids on geological timescales using the finite element code MILAMIN_VEP (refs 29,30) . The code employs realistic rock densities that have been computed as a function of P and T for the given rock types described above, as well as laboratory-constrained creep laws. In addition, we have implemented partial melting of mantle lithosphere and underlying fertile mantle, and added a simplified melt extraction algorithm that removes melt from the mantle as soon as >5% melt is present and emplaces it on top of the crust. We have performed systematic studies to understand the sensitivity of the results to input parameters, and developed a scaling analysis that demonstrates that the underlying physics of the models is governed by density-driven instabilities that erode the base of the crust in relatively small pulses once the viscosity of the mantle lithosphere underneath the crust is sufficiently low (see Supplementary Section 3).
